Meiotic associations at metaphase I have been analysed in Aegilops ovataX Triticum aestivum hybrid plants (genome constitution ABDUM) with low and high homoeologous pairing by using C-banding. Five different types of meiotic associations involving Aegilops and wheat genomes were identified. Pairing affinities between Aegilops and wheat genomes have been analysed from meiotic associations at metaphase I in low and high homoeologous pairing hybrid plants as well as from different meiotic configurations (bivalents and multivalents) in those hybrids with a high pairing mutant (phib). Those kinds of distinguishable associations revealed the same relative order: AD-UM > A-D> U-M > AD-B > UM-B in both low and high homoeologous pairing hybrids.
Introduction
In the tribe Triticineae, genomic analysis (based on chromosome pairing in interspecific hybrids) has been extensively employed (Lilienfeld & Kihara, 1951; Kimber, 1984) . The studies of evolutionary relationships have two inter-related concerns: theoretical and practical. The species related to wheat could be useful in wheat improvement because they are resistant to wheat diseases, such as stem rust and mildew (Pasquini, 1980) . The analysis of cytogenetic relations could provide information about the success of transferring them into cultivated wheat from wild species.
Meiotic behaviour in wheat is regulated by genes that affect chromosome pairing (see Sears, 1976) . The gene Ph, located on the long arm of chromosome 5B, has the most important effect and its inactivation induces homoeologous pairing in hybrid combinations.
The manipulation of such a genetic system allows homoeologous pairing between wheat and Aegilops chromosomes and therefore is valuable in transferring 165 useful characteristics into crop species (Thomas, 1981; Riley eta!., 1981) .
Ae. ovata X T. aestivum hybrid plants with low and high pairing have been analysed on several occasions to determine the meiotic behaviour and genetic regulation of chromosome pairing (Abu Bakar & Kimber, 1982; McGuire & Dvorak, 1982; Claesson et al., 1990 ) and the possibility of transferring some useful characteristics (Lacadena & Azpiazu, 1969; Farooq et a!., 1990) ; but in those studies meiotic pairing was considered as a whole because no cytological marker was available to determine genome-specific associations in the hybrids.
The use of C-banding methods allows more detailed studies to be made of chromosome pairing at metaphase Tin interspecific combinations in order to determine patterns of pairing between different genomes that are in competition, and can provide an important advance over conventional pairing analysis. The purpose of this work was to analyse the meiotic associations between different genomes at metaphase I in Aegilops ovata)< Triticum aestivum interspecific hybrid combinations with low and high homoeologous pairing by using a C-banding method.
Materials and methods
Pentaploid hybrid plants (genome constitution ABDUM) were obtained from crosses between allotetraploid Aegilops ovata (Aeov) (genome constitution UUMM) as female and hexaploid wheat Triticurn aestivum cv. Chinese Spring (CS) and its high pairing mutint (phib) (Sears, 1977) (genome constitution AABBDD) as males. In order to obtain meiotic cells, anthers of Aegilops-wheat hybrids were fixed in acetic :ethanol 1:3 and stored for 1-4 months at 3-4°C.
The fixed material was squashed and stained following the Giemsa C-banding technique described previously (Giráldez etal., 1979) .
Results and discussion
General aspects of pairing in the pentap/oid hybrids The pairing was extremely low (0.88 associations per cell) in the hybrids of Ae. ovata with Chinese Spring (AeovCS), only open bivalents were observed and multivalents were not found (see Fig. 1 and Table 1 ). The level of pairing increased considerably in those hybrids in which the Ph locus was inactive (Aeovphlb) (13.43 associations per cell) and multivalents were frequently observed (see Fig. 2a and Table 1) . If all chromosomes for a given homoeologous group were paired, the largest meiotic configuration to be expected should be a pentavalent, however hexavalents were found in high homoeologous pairing hybrid plants. in the hybrids. The existence of reciprocal translocations between different homoeologous group has been described in Ae. ovata (Furuta, 1981) in wheat (Sears, 1954; Baker & McIntosh, 1966; Kobrehel & Feillet, 1975) , and it is well known that this cytogenetic mechanism has accompained the evolutionary process of the Triticineae group.
In all cases, the number of bound arms per cell for the different types of homoeologous associations at metaphase I has been calculated as the minimum number of chiasmata that can explain each meiotic configuration. In those configurations where three chromosomes arms were associated at the same point, namely, as in the frying pan and Y-shaped trivalents, the type of association could not be ascertained and, consequently, they were considered undetermined (Un) (Fig. 2d ). The number of bound arms for each type of specific association observed in low pairing hybrid plants was the same as the number of meiotic configurations observed, due to the presence of only rod bivalents (Table 1) , however in high homoeologous pairing hybrid plants ring bivalents and multivalents were frequent (Table 2 ). In previous studies of Ae. ovata X T aestivum hybrid differences with respect to the number of bound arms per cell have been reported both in the presence and absence of chromosome SB, this is in agreement with the results obtained in this work (see Table 3 ). McGuire & Dvorak (1982) suggested that the variation found among hybrids involving different accessions of Ae. ovata probably reflects genotypic variability for the homoeologous pairing control within this species. The major evidence for the oabsent, and it is well known that there is a promotor gene of homoeologous pairing located in the short arm of chromosome 5B (see Sears, 1976) . In our example, as well as in the hybrid analysed by Farroq eta!. (1990) , this promotor gene is operative but its effect may not be important because our results are similar to those found when this arm is absent in the hybrids (see Table 3 ). The type of association in which equal numbers of genomes are implicated could supply additional information about the genome affinities expressed, if they exist, because the same mean number of associated arms at metaphase I is expected for all those types if preferential pairing does not occur. The comparisons carried out between U-M and A-D types, both in low and high pairing hybrids, indicate that the affinities expressed between U and M genomes of Ae. ovata are similar to those of A and D genomes of wheat but comparisons involving the high pairing hybrids should be interpreted cautiously as only two plants have been analysed. Likewise, associations between U and M genomes with the B genome of wheat are similar to the A or D ones with B, because no significant deviation was detected (see Table 4 ). These results presumably indicate that the B genome of wheat is no more closely related to the other wheat genomes than to genomes of Ae. ovata. Dvorak & McGuire (1981) suggested that the differences in the amount of heterochromatin could explain the variation in chromosome pairing among wheat genomes. Ferrer et al. (1984) studied the meiotic pairing of nine wheat chromosomes (B genome, 4A and 7A) and concluded that the effect of heterochromatin is clear in the homoeologous chromosomes of groups 4 (4A and 4B) and 7 (7A and 7B).
C-heterochromatin content, however, might be responsible for the lower pairing usually observed for the B genome when it is compared with A or D genomes, but it is also probable that chromosomes of the B genome exhibit lower pairing as a characteristic in their own right. Unfortunately the variability for C-heterochromatin, which is necessary to distinguish between both mechanisms, has not been described in wheat.
If the mean number of associated arms at metaphase I is taken as a measure of the genome relationships among the different genomes that are present in hybrid combinations, one could expect that the affinities would be maintained in hybrids with different levels of pairing (low and high) as well as in different meiotic configurations (bivalents and multivalents) within the same level of pairing.
The differences between the hybrids analysed (low and high pairing) make it necessary to develop a new Dvorak, 1982 Lacadena & Azpiazu, 1969 method that takes into account the amount of pairing for the different distinguishable types of associations relative to the total associations. Thus, the mean number of associations per total number of associations represents the 'relative contribution' of each type of pairing. In order to analyse whether different types of meiotic configuration exhibit differences or not in their relative contribution, the mean number of associations per total associations for each type of pairing was compared between bivalents and multivalents in the high pairing hybrid plants. It is apparent from the data in Table 5 that the amount of pairing for the different distinguishable types of associations, relative to the total associations, was maintained in different meiotic configurations, as no significant deviation was detected. This results seems to indicate that in these hybrid combinations the affinities expressed are independent of the type of configurations considered. The comparisons carried out between the relative contributions for the five types of association between hybrids with different level of pairing were only significant for the AD-B type (see Table 6 ). These results suggest that in this pentaploid hybrid the affinities expressed are well maintained at different levels of pairing; i.e. the increase in pairing due to the Ph gene inactivation is distributed equally among different types of association.
Comparisons with other wheat-Aegilos hybrids
In wheat-Ae. variabilis and wheat-Ae. kotschyi hybrids (genome constitution ABDUS) it has been recently reported that the relative contribution is not maintained in different meiotic configurations (bivalents and multivalents) or in different levels of pairing (Fernández-Calvin & Orellana, 1991 Chinese Spring x Ae. ovata high pairing hybrids there is an increase in ring bivalents. In fact, this tendency can be observed in these hybrids, so, the A-D type exhibits the highest ring bivalent frequencies in the high pairing hybrids in spite of this type not being the most frequently occurring in the low pairing hybrids (Table  1) . This increase, however, may not be sufficiently different to allow the detection of deviations in the relative contribution.
If pairing frequencies can be taken as a measure of -i (Tanaka, 1955) , and it is reasonable to assume that C most of US-B associations are actually B-S, due to the close evolutionary proximity between B and S genomes C C (Kushnir & Halloran, 1981) . On the other hand Ae.
.. ovata is an allotetraploid of Ae. umbellulata (U genome) and Ae. comosa (M genome) (Kihara, 1954; Kimber & Abu-Bakar, 1979) . There is clearly there-C C , fore less affinity between M and B genomes and thus * the UM-B associations are lower. It is worth mentioning that U-M and U-S associations show the same LL relative contribution in both hybrid combinations. The 9 .E differences between the more frequent types (AD-UM I > AD-US) can presumably be attributed to pairing betweenDandMgenomes (Maan&SasakUma, 1978) .
The constancy of the relative contribution of those N types that only involve wheat genomes might be -explained by the existence of a compensating effect . -with respect to the affinities between wheat and
